A density-functional study of the alternatively-deflected zigzag structure for the β-phase of poly(vinylidene fluoride) or (-CH 2 -CF 2 -) n is presented. Structure, polarization and effective charges have been determined. Using lattice constants and atomic positions transformed from experiment, the space group for the alternatively-deflected zigzag structure was found to be Cc2m ( 16 2v C ), in agreement with previous studies. We find a polarization for the alternatively-deflected structure identical to that of the planar-zigzag structure with small changes in the accompanying effective charges.
INTRODUCTION
The piezoelectric and pyroelectric properties of poly(vinylidene fluoride) or PVDF have been known for over thirty years. 1, 2 The ferroelectric nature of the polarization was first reported by Furukawa et al. 3 The physical properties of PVDF, specifically its flexibility, low density, low mechanical impedance and ease of fabrication have made it and its related co-polymers very attractive for device applications.
The monomeric repeat unit of PVDF is (-CH 2 -CF 2 -). There are four known crystalline forms of PVDF: α, β, γ and δ phases. 4 The phases differ in crystallographic space group, number of formula units per unit cell, packing of polymer chains and patterning of trans and gauche conformations of the -CH 2 -and -CF 2 -groups. The β-and δ-phases exhibit ferroelectricity with the β-phase being studied more extensively both theoretically and experimentally.
Two structures have been proposed in the literature for β-PVDF; an all-trans planar-zigzag form (see Figure 1 (a)) (Refs. 5, 6, 7, 8) and an alternatively-deflected zigzag form (see Figure 1 (b)). 5, 9 These two slightly different structure have been proposed based on a consideration of van der Waals radii and fluorine-fluorine distance. The use of the term zigzag refers to the conformation of carbon-carbon bonds in the polymer backbone.
Planar-zigzag indicates that all carbons in the chain lie in a plane (in this case the yz plane) while an alternatively-deflected zigzag structure has its carbons attached to the hydrogens all lying in the yz plane with the carbons attached to the fluorines alternating in deflection direction (±x) from the yz plane. In addition, the alternatively-deflected structure is reported to possess -CH 2 -rotations within the xy plane. 9 In either structure, a spontaneous polarization is generated parallel to the y-axis.
Before describing the origin of an alternatively-deflected zigzag structure, it is important to summarize the clearest experimental evidence supporting the planar-zigzag structure. In the planar-zigzag structure, the fluorine-fluorine distance is reported as 2.56 Å, which is equal to the c lattice constant of the reported orthorhombic unit cell. This distance is 0.14 Å less than twice the van der Waals radius of fluorine (2 × 1.35 Å = 2.70 Å). Lando et al. propose a crowding of the fluorine atoms along the chain axis and that atomic motion will be restricted along this axis. 8 This conclusion is supported by their observation of the (00l) X-ray reflections having a temperature factor, B, equal to 3.8 Å 2 .
This B factor is considerably less than that for other observed reflections in the diffraction pattern having non-zero h and k indices (B=7.0 Å 2 ). In addition, Lando et al. determined the NMR second moment as a function of the alignment angle between the magnetic field and the sample draw direction. The minimum second moment was found at an alignment angle of 45º indicating the probability of a planar-zigzag confirmation.
The crowding of the fluorine atoms was also recognized by Galperin et al. and they tentatively proposed a structure with -CF 2 -deflections, with neighboring -CF 2 -groups deflected in opposite directions. 5 These deflections would accomplish enlarging the fluorine-fluorine distance. They suggest a deflection angle of approximately 5º. To confirm the existence of a deflected structure, Hasegawa et al. determined the discrepancy factor, R,
as a function of deflection angle, σ, for their observed X-ray data where F obs and F calc are the observed and calculated structure factors. 9, 10 For their planar-zigzag structure (σ=0º), Hasegawa et al. determined an R of 18.5%. By varying σ, they determined a minimum R of 13.5% for σ=7º. 10 At this deflection angle, the fluorine-fluorine distance increases to 2.60 Å. This result supported their identification of an alternativelydeflected zigzag structure for β-PVDF.
However, as correctly indicated by Lando et al., these deflections would be accompanied by a doubling of the repeat distance along the chain axis (2 × 2.56 Å = 5.12 Å). 8 Experimentally, an intermediate layer line with that period is not present in the diffraction pattern. 9 Furthermore, the presence of these deflections would mean that the assigned space group of Cm2m would no longer be correct.
In response to these contradictions for the existence of an alternatively-deflected structure, Hasegawa et al. propose a statistically-deflected zigzag structure. 9 In this model, two alternatively-deflected zigzag chains are present in β-PVDF, each chain having equal probability within the lattice. The statistically-disordered model therefore restores the observed periodicity, chain axis length and space group. Additional experimental evidence for the presence of a deflected structure can be found in an analysis of β-PVDF vibrational spectra. 11 Specifically, several modes with weak absorption in the far-infrared region are attributed to the presence of a deflected chain model based upon analysis of the dispersion relations and frequency distribution functions.
There are few theoretical studies comparing the two proposed structures of β-PVDF. Elastic constants have been computed using a point-charge model. 12 Young's moduli (Y) were determined for both planar-zigzag and alternatively-deflected structures.
Only a small change in Y in the chain direction (~15 GPa) was found for the deflected structure as compared to the planar form. Based upon this work, it appears that the deflections have little effect on the mechanical properties for the polymer. A recent study by Duan et al. investigated the alternatively-deflected structure employing full-potential linear-augmented plane-wave method (FLAPW). 13 Energy gap and electronic band structure symmetries were determined and shown to be in good agreement with experiment.
This study will ascertain whether there exist any differences in the polarization properties due to the -CF 2 -deflections in the alternatively-deflected zigzag structure of β-PVDF as compared to the planar-zigzag form. A study of the polarization properties of the planar-zigzag form has been submitted elsewhere. 14 More importantly for future theoretical studies, we will be able to quantify the differences in the polarization properties between the two structures. We will begin by determining the space group and relaxed atomic positions for the alternatively-deflected zigzag structure. Using the relaxed structure, we will compute the spontaneous polarization and the corresponding Born dynamic effective charges.
METHODS
We have applied density-functional theory within the generalized-gradient approximation (GGA) (Ref. 15 ) and optimized pseudopotential generation methods were used. 16 For the carbon pseudopotential, a 2s As mentioned above, in order to resolve the observed space group for the β-PVDF sample (Cm2m) and the existence of a deflected chain, Hasegawa et al. propose a statistically-disordered structure with the deflected chain and its mirror image present with equal probability in the lattice. 9 In the present study we do not include this feature of their model. Instead, the unit cell contains two formula units (Z=2). Each formula unit contains two monomers with the deflections and periodicity shown in Figure 1 For each structure, atomic relaxations will be completed using density-functional calculations. Brillouin zone integrations were done using a 4 × 4 × 4 Monkhorst-Pack kpoint mesh. 17 Regardless of space group, this yields 8 k-points in the irreducible wedge of the Brillouin zone. Relaxed atomic positions were found when the computed Hellmann-Feynman forces on all atoms not constrained by symmetry were less than 0.003 eV/Å. 18 For the determination of the polarization properties, a 4 × 8 × 4 MonkhorstPack k-point mesh was found to give converged spontaneous polarization, P s and effective charges, Z * . The Berry-phase method was employed to compute the electronic portion of P s . 19, 20, 21 The ionic portion of P s , P ion , is computed as a lattice summation according to difference between two configurations of the system connected by an adiabatic transformation pathway, a non-polar reference state must be chosen. We have chosen a high-symmetry structure which restores the mirror-plane symmetry to the y-axis as the reference state.
RESULTS AND DISCUSSION
A.
Space group and atomic positions As correctly described by Lando et al., a deflected chain conformation will not be compatible with the observed space group of Cm2m. 8 Instead, a space group isomorphic with Cm2m but with a doubled c-axis must be used. There are two such space groups;
Cc2m ( 16 2v C ) and Ic2m ( values from a previous structural optimization study using force-field calculations. 23 The force-fields were parameterized for a planar-zigzag structure. The density-functional study found the structure with the space group Cc2m was consistently lower in total energy than the structure with the Ic2m space group for various k-point densities.
In the present study, we have re-examined the assignment of the space group for the alternatively-deflected structure beginning with the atomic coordinates found by
Hasegawa et al. for their statistically-disordered model. 9 Some considerations must be made in order to utilize these coordinates as a starting point for atomic relaxations in the doubled unit cell. First, the c-axis length in the X-ray study was reported as 2.56 Å. This was based on the assignment of the space group Cm2m and the proposal of a statisticallydisordered model for the structure. Since our unit cell is doubled along the c-axis, the atomic coordinates along this direction must be halved for our initial structure. Secondly, since the statistically-disordered model includes a mirror image of each polymer chain, the reported atomic coordinates at first glance do not appear to satisfy the necessary symmetries for the Cm2m space group. In order to resolve this, one must consider two analogous unit cells occurring with equal probability throughout the lattice (see Figure   1 (c)). One unit cell is the reflection of the other in the yz plane. We have chosen not to include the statistical disorder in our calculations; however, we have incorporated the reported chain's mirror image to extend the periodicity of each chain (see Figure 1 Table I shows the transformation of the experimental coordinates to those used as an initial structure for both space groups in the present study. All the above considerations have been incorporated into the determination of the initial atomic coordinates for the density-functional calculations.
positions. 9 In order words, we have permitted -CH 2 -rotation in the xy plane, although forbidden by the symmetry of either space group (see Figure 2(a) ). By minimization of the Hellmann-Feynman forces using a conjugate gradient algorithm, we have determined relaxed atomic positions for each space group. For both Cc2m and Ic2m space groups, the hydrogen atom coordinates relaxed into equivalent positions consistent with c
Wyckoff assignments in each space group and multiplicity of eight. We have in principle found an alternatively-deflected structure that has averaged -CH 2 -rotations in the xy plane as compared to the statistically-deflected model (see Figure 2(b) ). In addition, the structure with space group Cc2m was 0.018 eV/unit cell lower in energy that the Ic2m structure. This confirms the same determination of the space group for the alternativelydeflected structure by previous density functional study. 13 The relaxed atomic coordinates for the Cc2m space group structure for alternatively-deflected zigzag β-PVDF are contained in Table II . C1 and C2 are the carbons attached to the H1/H2 and F1/F2 atoms respectively. For comparison we have included the experimental coordinates for the statistically-disordered deflected structure determined by Hasegawa et al. 9 The method for determining these positions have been described above and are a result of a minimization of the discrepancy factor for the X-ray data. We find good agreement between our theoretical and the experimental structures.
Several factors must be considered in the comparison of the experimental and theoretical values. First, the experimental values are determined at a finite temperature above 0 K.
This means that some amount of thermal broadening will be present in the assignment of the atomic positions. In contrast, the theoretical positions are considered to be at 0 K. In addition, the positions of lighter atoms (such as H) are more difficult to ascertain.
Finally, the theoretical structure assumes that only -CF 2 -deflections are present in the structure. The experimental structure assumes -CH 2 -rotations as well.
For a better assessment of the positions, we have computed bond lengths and bond angles for both the theoretical and experimental structures. Those values are reported in Table III to the same values in the planar-zigzag structure. 9 We find very good agreement between our bond lengths and angles with those of the X-ray data. The largest discrepancy is in the C-F bond lengths (~ 3%). We attribute all of the variations to the differences in the theoretical and experimental structures, namely the lack of -CH 2 -rotations and small σ found in the theoretical structure.
B. Spontaneous polarization
Based on the structure found from atomic relaxations, the polarization was computed using a Berry-phase method for alternatively-deflected zigzag β-PVDF. We find a value of 0.181 C/m 2 per unit cell volume. This P s is exactly the same as the polarization found in the planar-zigzag structure of β-PVDF. This result is not surprising considering that the deflections can be considered a rotation of the -CF 2 -groups in the xy-plane along with a displacement in the ±x direction. Since the angle of F1-C2-F2 and C-F bond length in the alternatively-deflected zigzag structure remain relatively unchanged as compared to the same values in the planar-zigzag structure, there will be a negligible contribution if any to the macroscopic polarization of the material. This result would indicate that the effective charges for the alternatively-deflected structure should be very similar to those in the planar-zigzag structure.
C. Dynamic Born effective charges
Using the atomic positions in Table II, Born effective charges were determined for the alternatively-deflected β-PVDF structure. Atomic displacements of approximately 0.1% of the b lattice constant were made in the direction of the polarization. For each displaced structure, the spontaneous polarization was determined from density-functional calculations. Using the polarization difference between the displaced structure and the un-displaced structure, the Born effective charge (Z * ) was determined for each atom. The computed Z * values for the alternative-deflected zigzag structure are contained in Table   IV . Convergence in k-point mesh was confirmed by the sum of Z * for each atom m,
where N is the total number of atoms within the unit cell, equaling -0.01.
For comparison we have also included the Z * for the planar-zigzag structure in Table IV. 14 First, the Z * for the corresponding atoms in each structure are very similar.
This underscores the slight structural differences between the two structures. Once again, just as was seen in the planar-zigzag structure, the Z * for the fluorine atoms are close to their nominal value (-1) and the Z * for the hydrogen atoms differ considerably from their nominal value (+1). This can be attributed to the relative polarity of these covalent bonds.
The Z * for the fluorine atoms in the two structures show the greatest differences as should be expected since the deflections in the alternatively-deflected zigzag structure involve the -CF 2 -moieties. The difference between Z * (F1) and Z * (F2) for the alternatively-deflected structure can also be attributed to the deflections. Stated simply, the dipole associated with C2-F1 bond has a smaller component parallel to the polarization direction due to the bond's rotation in the xy-plane as compared to the planar-zigzag structure. This explains the smaller Z * (F1) in the alternative-deflected structure. Likewise, the dipole associated with the C2-F2 bond has a larger component parallel to the polarization direction and results in a larger Z * (F2).
The deflections also do not appear to have a considerable effect on the charge transfer between the -CH 2 -and -CF 2 -groups. In the planar-zigzag structure, the C1-C2
bond shows a small degree of charge transfer as evident by the sum of the Z * for the -CH 2 -and -CF 2 -groups (+0.08/-0.08 respectively). These same bonds in the alternatively-deflected structure possess a similar degree of charge transfer with the Z * sum for the -CH 2 -of +0.05 and for the -CF 2 -group of -0.04.
CONCLUSIONS
In summary, we have determined the atomic structure of the alternativelydeflected structure of the β-phase of poly(vinylidene difluoride). In addition, we have shown that the space group for the alternatively-deflected structure is Cc2m. Using this structure, we have determined the spontaneous polarization, which is almost identical to 
